Determination of cortisol levels in the urine (24 hours urine free cortisol), saliva (late-night), or serum (total cortisol after dexamethasone suppression) is recommended to screen for Cushing's syndrome (CS). This review focuses on the differences between the frequently used cortisol-antibody immunoassay-based methods and the highly specific mass-spectrometry-based methods that are progressively being employed in clinical laboratories for CS screening. The particular characteristics of cortisol metabolism and the lack of specificity of the immunoassays cause marked differences between both methods that are in turn highly dependent on the biological matrix, in which the cortisol is measured. Understanding the origin of these differences is essential for the interpretation of these results. Although cross-reactivity with endogenous steroids leads to grossly inaccurate results of immunoassay measurements of cortisol in the saliva and urine, preliminary evidence suggests that the clinical sensitivity of CS screening using immunoassays may be similar to CS screening using mass spectrometry. However, mass spectrometry offers more accurate results and considerably reduced variation across laboratories, while avoiding false-positive results. Moreover, mass spectrometry can overcome some common diagnostic challenges, such as identification of exogenous corticosteroids or simultaneous assessment of appropriate dexamethasone levels in suppression tests. Further, comprehensive mass spectrometry-based profiling of several steroid metabolites may be useful for discriminating among different subtypes of CS. Finally, this review discusses the main preanalytical factors that could cause variations in cortisol measurements and their influence on the reliability of the results.
INTRODUCTION
Cushing's syndrome (CS) is the state of hypercortisolism that results from chronic exposure to excessive circulating levels of endogenous or exogenous glucocorticoids. Endogenous hypercortisolism is usually related to excessive adrenocorticotropic hormone (ACTH) production due to the presence of pituitary adenomas (Cushing's disease) or the autonomous production of cortisol by the adrenal glands (adrenal Cushing's). In some cases, CS is caused by the ectopic production of ACTH or corticotrophin-releasing hormone (CRH) from extrapituitary tumors. In addition to endogenous hypercortisolism, an excess of any glucocorticoid administered via different routes can also give rise to exogenous CS. CS is a potentially lethal disorder that is associated with various comorbidities that increase morbidity and mortality, including cardiovascular disease, diabetes, hypertension, a hypercoagulable state, fractures, or infections [1] [2] [3] .
The clinical features of CS may show a wide spectrum of ab-normalities from mild to severe manifestations. The classical signs of the disease in its most obvious form are less frequently observed in current clinical practice and have a tendency toward being milder. Moreover, the clinical diagnosis of CS may be equivocal because many of the typical symptoms, such as weight gain and hypertension, are also very common in the general population. In particular, mild CS may show a nearly identical clinical profile to that of the highly prevalent metabolic syndrome [4] . Accordingly, clinical diagnosis of CS is challenging, particularly in a population with a high prevalence of metabolic syndrome, and several different assays are often required to make a correct diagnosis. Mildly abnormal results, together with the typical phenotypic characteristics of CS, may occur in a variety of conditions that physiologically activate the hypothalamic-pituitary-adrenal axis, such as alcoholism, depression, or obesity, among others (i.e., pseudo-CS) [5, 6] , and pregnancy [7] . Moreover, subclinical CS can present as mild hypercortisolism without the classical clinical manifestations [8] . Finally, some patients may present with episodic secretions of cortisol along with fluctuating symptoms and signs, due to a state of cyclical CS [9] .
In this regard, there is increasing evidence of the value of hair cortisol level as a marker of long-term, systemic exposure to cortisol in patients with CS, which is particularly helpful to identify patients with milder forms or cyclical CS [10] [11] [12] . Further advantages of this method include easy sample collection, storage and transport at room temperature, and ability to provide retrospective information about systemic cortisol exposure over months, which can potentially facilitate earlier diagnosis and treatment. Moreover, the sensitivity and specificity of hair cortisol measurement for CS diagnosis are both high [11] , and there is a direct correlation between monthly cumulative cortisol exposure per centimeter of hair segment in both healthy subjects and patients with CS [12] .
Upon clinical suspicion, the basis for establishing CS diagnosis is the biochemical confirmation of autonomous hypercortisolism. Biochemical assays to confirm CS diagnosis are designed according to the main physiopathological characteristics of CS, including the loss of both the normal circadian rhythm and feedback of the hypothalamic-pituitary-adrenal axis, which result in chronic exposure to excessive circulating levels of cortisol [13] . In this regard, the 2008 Endocrine Society clinical practice guidelines recommend measurement of the levels of late-night salivary cortisol (LNSC), 24-hour urinary free cortisol (UFC), and serum cortisol after dexamethasone-suppression test (DST) as screening tests for CS [14] .
CS is a rare disease with similar clinical features to other conditions, such as metabolic syndrome or osteoporosis. To increase the likelihood of CS detection in populations susceptible to the abovementioned diseases, screening tests for CS need to be highly sensitive. Therefore, following a positive screening test, further biochemical characterization is necessary. Based on etiology, endogenous CS can be broadly classified into two categories: ACTH-dependent and ACTH-independent CS. Thus, a biochemical assay for plasma ACTH is important for further localization studies and appropriate management of the disease. In addition, the CRH stimulation test, desmopressin (dDAVP) stimulation test, high-dose DST , and bilateral inferior petrosal sinus sampling may be useful in specific situations [15, 16] . Moreover, CS has a high likelihood of recurrence [17] , which may require a long-term biochemical follow-up of the patients after treatment.
Given this scenario, biochemical determination plays a central and increasingly important role in the management of CS. Currently, there are reference measurement procedures for serum cortisol but not for urine or salivary cortisol. Nevertheless, the main routine cortisol assays are significantly biased, and there is currently no implementation of metrologically traceable results in clinical practice, resulting in poor standardization of routine assays. Therefore, structure-based assays, such as mass spectrometry, are recommended [14] . This review focuses on the main methods for screening CS by measuring cortisol in the serum, saliva, and urine and the influence of the main biochemical characteristics of the analytes and preanalytical aspects on the different analytical outcomes. We particularly focus on the differences between the more frequently used cortisol-antibody immunoassay-based methods and the highly specific mass spectrometry determinations that are progressively being incorporated in clinical laboratories.
URINE CORTISOL

Physiology
Cortisol exists in the urine in free (unconjugated) and conjugated (e.g., glucuronide-conjugated and sulfate-conjugated) forms. Approximately 1-2% of protein-unbound circulating cortisol is excreted in the urine; therefore, the level of cortisol in the urine reflects the level of the protein-unbound (biologically active or free) form of cortisol in the plasma. Determination of the UFC is a well-established screening tool for CS [14] . Owing to the circadian rhythm of cortisol excretion, this assay is performed with a 24-hour collection of urine as an equivalent of the time-integrated tissue exposure to free cortisol over a day. UFC measurements are not affected by diurnal variation or changes in cortisol-binding proteins in the serum.
Sampling and preanalytics
Patients are required to collect their urine over a 24-hour period after discarding the first morning void. All subsequent voids during the day, night, and the first morning void of the following day should be included in the collection. It is recommended that the urine is kept refrigerated during the collection period [14, 18] and that the sample is immediately frozen once received at the laboratory. However, the UFC was reported to be stable for over three days irrespective of the storage temperature (4°C vs room temperature) or exposure to light (darkness vs brightness) [19] . Unpreserved urine samples can also be used for the measurement of UFC since urine pH also has no substantial effect on the measurements [20] .
The biological within-subject variation of UFC is high ( > 60%) and is even higher than the between-subject variation [21] . The upper limit of the reference range of the assay is usually used as the criterion for a positive result, and at least two measurements of UFC are recommended for CS screening [14] . Since complete collection of 24-hour urine samples may be cumbersome, written instructions for the patients are suggested to avoid inaccurate collection. Thus, false-negative cortisol results may occur because of incomplete urine collection, whereas urine collection over 24 hours can result in falsely elevated UFC levels. In this regard, measurement of urine creatinine can help assess the completeness of the 24-hour collection or make the decision to discard any overcollection [22] . Given that creatinine excretion tends to remain constant if the glomerular filtration rate is normal, the normalized urine cortisol:creatinine ratio may also be useful. However, UFC is not recommended for CS screening in patients with moderate-to-severe renal impairment, as significantly lower UFC values are observed when the creatinine clearance falls below 60 mL/min [23] . For reliable UFC measurements, it is also important to avoid drinking excessive amounts of fluid or using any glucocorticoid during the collection period.
Immunoassay measurements
Immunoassay is the most routine and common method for the determination of UFC in many clinical laboratories. In addition to unconjugated cortisol (i.e., UFC), the urine also contains cortisol in conjugated form, along with other highly abundant conjugated and unconjugated cortisol metabolites with chemical structures similar to that of cortisol. These metabolites may cross-react with the antibodies of the immunoassay and thus interfere with UFC measurements. Therefore, it is essential to perform an extraction step prior to the immunoassay [24] , which typically involves mixing the urine with an organic solvent (e.g., dichloromethane or ethyl acetate) and removing the aqueous layer; since cortisol is less water-soluble than most of its metabolites, it can be easily separated in this process. Solid-phase extraction using disposable cartridges may also be used for extraction. Since this pre-analysis extraction step is time-consuming and requires technical expertise, some immunoassay manufacturers do not explicitly require this, despite its recognition as crucial before immunological measurements [24] . Currently, extraction is usually performed only in tertiary-care centers or academic hospitals.
Despite effectively removing several interfering molecules, the extraction step cannot completely avoid the cross-reactivity problem since some interfering components remain. In this regard, it is important to consider that determination of UFC by an immunoassay is mainly based on serum cortisol and is particularly vulnerable to interference. Thus, the most commonly used antibody in cortisol immunoassays is raised against cortisol-3-(ocarboxymethyl)-oxime conjugates [25] , which provides acceptable specificity for serum assays. However, levels of ring-A cortisol metabolites, such as dihydrocortisol, tetrahydrocortisol, and other related substances that may be abundant in the extracted urine, introduce quantitatively significant positive bias.
Mass spectrometry measurements
Mass spectrometry is a powerful structural characterization technique that overcomes the antibody-antigen cross-reactivity problem of immunoassays. At present, mass spectrometry is considered the most specific method to determine the true UFC [14] . Comparison of UFC results obtained by immunoassay with those obtained by mass spectrometry showed that results obtained by immunoassay were overestimated by approximately two folds [25] [26] [27] ; however, this overestimation is variable and depends on differences in the degrees of cross-reactivity of the various cross-reacting metabolites in each immunoassay. As a result, important differences in reference ranges are observed, depending on whether the UFC is measured by an immunoassay or mass spectrometry. On the basis of its high analytical specificity, mass spectrometry measurements of UFC are increasingly recommended, demonstrating high diagnostic accuracy for CS [28, 29] .
Analytically, the goal should be to measure cortisol level as accurately and precisely as possible. In this regard, mass spectrometry is considered to be the best analytical method to meawww.annlabmed.org https://doi.org/10.3343/alm.2020.40.4.285 sure the true cortisol level. In fact, awareness of the important lack of specificity of immunoassays for UFC measurements begs to question what each immunoassay is really measuring, and even calls into question whether the term "UFC" should be applied to such an inaccurate methodology [30] . Fig. 1 provides an example of the gross bias introduced by immunoassays used for UFC measurements. Other key limitations of UFC immunoassays include the absence of recovery correction, interference with exogenous steroids, and variability among manufacturers.
Diagnostic clinical value
Despite the above-mentioned limitations of immunoassays, from the perspective of the diagnostic value for the screening of CS, the issue of cross-reactivity with cortisol metabolites may actually be an advantage for improving the detection of overall glucocorticoid production, resulting in enhanced diagnostic sensitivity compared with the high specificity for UFC measurement offered by mass spectrometry [31] . Two studies that directly compared the diagnostic performance for CS between mass spectrometry and immunoassay did not find significant differences [26, 32] . Moreover, the impact of the differences between the two methods in specific situations remains unclear, such as in the case of advanced liver disease or in the medical treatment of CS, since changes in hepatic metabolism have minimal effect on urinary cortisol but greater effects on urinary cortisol metabolites [33] .
Synthetic steroids
In addition to cross-reactivity with cortisol metabolites, cross-reactivity in immunoassays can also occur with synthetic steroids that are structurally related to cortisol. Although it is recommended that clinicians ensure that patients are not on exogenous glucocorticoid therapy at the time of urine collection for UFC measurements, this is not always possible, and the patients may also be unaware that they are receiving such therapy. Although many exogenous corticosteroids may be detected in varying degrees across different cortisol immunoassays, manufacturers typically only provide information on the potential cross-reactivity for some of these corticosteroids. Consequently, it is often unknown if a specific corticosteroid will have a cross-reaction and to what extent with a particular immunoassay. Compounding this problem, exogenous steroids are associated with endogenous suppression of the adrenal axis, which imposes a further challenge in the interpretation of results [34, 35] . In this scenario, mass spectrometry may be extremely useful for the differentiation of endogenous hypocortisolism and adrenal axis suppression due to the presence of synthetic corticoids and for the detection of factitious CS [36] . Djedovic, et al. [37] found that samples from eight of 154 (5.2%) patients screened for suspected CS showed detectable concentrations of synthetic glucocorticoids: four were positive for dexamethasone, one was positive for betamethasone, and three were positive for prednisolone. Dexamethasone and betamethasone do not generally cross-react in immunoassays, whereas prednisone/prednisolone shows cross-reactivity. Interestingly, chromatographic methods coupled to mass spectrometry allow for the simultaneous detection and identification of many synthetic compounds in a single analysis [37, 38] . Despite their high specificity, interference remains a possibility with mass spectrometry. Thus, in the case of cortisol measurements, prednisolone interference should be considered, owing to its structural similarity with cortisol.
Endogenous steroids
In addition to exogenous steroids, mass spectrometry can also measure specific endogenous cortisol metabolites [39] [40] [41] . However, further studies are needed to define whether these metabolites provide additional information beyond the measurement of UFC in certain diseases related to CS, such as adrenal incidentalomas [42] . Recently, an increased urinary cortisol:cortisone ratio was proposed to be a useful marker for differentiating CS and ectopic ACTH syndrome [43] . Normal levels of free cortisone are similar to those of UFC, which may also be measured by an immunoassay or mass spectrometry. 
Method validation
Despite its great potential for giving highly specific measurements, mass spectrometry methods should also be validated [44] , and their reference range should also be determined. Recently, Brossaud, et al. [45] demonstrated good agreement of UFC results obtained using four different in-house mass spectrometry assays for 98 urine samples (20 from CS patients and 78 from control subjects). However, for extreme UFC values, a negative or positive bias was noted, showing that variation in the results can occur for mass spectrometry depending on the analytical process. The normal UFC ranges obtained from the same samples were determined to be 17-126, 15-134, 12-118, and 27-157 nmol/day [45] .
SALIVARY CORTISOL
Physiology
Salivary cortisol reflects the changes in free (unbound) serum cortisol and, similar to UFC, is considered a reliable alternative to measuring free cortisol in the serum. According to the free hormone hypothesis, the level of an unbound form of a hormone determines its biological activity. The physiological basis for the measurement of LNSC is that the loss of circadian rhythm, with the absence of a late-night cortisol nadir, is a consistent biochemical characteristic in patients with CS [14] . Since salivary cortisol adequately reflects the circadian rhythm of circulating cortisol, LNSC is recommended as a first-line screening test for CS [14, 46, 47] .
Sampling and preanalytics
To measure LNSC, late-night saliva samples are collected between 23:00 hours and 0:00 hours, usually using a cylindrical absorbent cotton swab (salivette). However, a recent study showed lower levels of salivary cortisol when healthy adult subjects conducted their sampling at their normal bedtime than when they were forced to remain awake until 23:00 hours or later [48] . Saliva production is similar among subjects and, compared with 24-hour urine, the effect of sample volume on LNSC measurements is much lower. In addition, salivary measurements have the advantage of being noninvasive, which also favors the acceptance of serial determinations. However, greater practicability of LNSC determination (compared with that of midnight cortisol serum determination, for example) has a disadvantage of the loss of control in sample collection by the laboratory. Therefore, special care should be taken to explain the procedure and timing of sample collection to the patient. It is generally recommended to collect saliva at least 30 minutes after eating, drinking, or tooth brushing. Falsely elevated salivary cortisol levels may be related to sample contamination with blood, licorice, or smoking before sample collection [49] .
Given that the hypercortisolism of CS can be variable, at least two measurements of salivary cortisol are recommended [14] . The biological within-subject variation of LNSC in healthy subjects was reported to be 34% [50] ; however, extreme fluctuations of LNSC levels are common in patients with Cushing's disease [51] . Advanced age is also associated with higher levels of LNSC and has no evident influence of gender or body mass index [52] .
Cortisol in saliva samples tends to be stable, and patients can store their samples at 4-8°C in their home refrigerator for up to seven days before delivery to the laboratory. Once received at the laboratory, the samples may be centrifuged to obtain the supernatant, which can then be frozen at −20°C until analysis. Salivary cortisol samples were found to be stable under storage at 5°C for up to three months and under storage at −20°C for up to 12 months, whereas the cortisol levels decreased by 9.2% per month of storage at room temperature [53] .
Variability across laboratories
Significant differences in LNSC results are found across different laboratories [53] . Some of the possible explanations for these differences include variation in saliva sample collection devices or protocols, sample handling and transport, number and frequency of sampling, compliance with collection timing or sample contamination, and variation in the performance of assays across laboratories. Calvi, et al. [54] evaluated the sources of measurement variability in the assay of salivary cortisol within and between established international academic-based laboratories that are specialized in saliva analyses. They found that 90% of the variance in salivary cortisol levels was attributable to differences related to the sample itself, 8% was attributable to differences between laboratories, and 2% was attributable to differences between duplicate assays of the same sample within laboratories [54] . Given that differences in the recovery between collection devices may be high, the same device should be used or the reference intervals should be reassessed if the device is modified. The absence of certified reference materials, and the lack of harmonization or deficit of external proficiency-testing programs may explain the persistence in the variance of salivary cortisol levels between methods. 
Immunoassay measurements
Similar to UFC, immunoassays and mass spectrometry are the main methods used to measure salivary cortisol. The advantages of immunoassays include easy performance and small volume requirements of saliva. In addition to specific immunoassays for salivary measurements, automated serum cortisol immunoassays have been adapted to measure the level of cortisol in saliva [52, [55] [56] [57] . In this case, it is important to confirm that the limit of quantification of the assay is adequate to measure the low salivary cortisol levels found at the nadir of the diurnal rhythm.
Similar to the case of UFC measurements, the analytical specificity of saliva immunoassays may be limited by antibody crossreactivity with other steroids present in the sample. In the case of saliva, significantly higher antibody cross-reactivity may be present with cortisone, which is present at high levels in saliva. In fact, after free cortisol enters the saliva by diffusion, it is rapidly converted to cortisone by the enzyme 11 beta-hydroxysteroid dehydrogenase type 2, resulting in four to nine-times greater cortisone levels than cortisol levels in saliva [58] . In addition to cortisone, other steroids may also present cross-reactivity with immunoassays of saliva cortisol, posing a challenge for accurately measuring the low levels of cortisol in late-night saliva samples. In addition, synthetic steroids, such as prednisone/prednisolone, may also cross-react in some immunoassays and produce elevated results, particularly when the saliva is obtained just after administration of an oral dose. Different cross-reactivities can influence the cut-off values and clinical performance of LNSC assays [59] .
Mass spectrometry measurements
Mass spectrometry measurements of salivary cortisol eliminate the influence of the cross-reactivity with cortisone and other steroids, thereby offering a more specific analytical method. Consequently, liquid chromatography-tandem mass spectrometry (LC-MS/MS) results may be substantially lower than radioimmunoassay results [60] , enzyme immunoassay [48] , or automated chemiluminescence immunoassay [56] . Table 1 shows the ref- erence values obtained in healthy subjects across different studies using different methods. In contrast to the abundant data available for the diagnostic value immunoassays, the diagnostic value of LNSC determined by mass spectrometry in clinical practice has only been evaluated in a few studies, and there are few direct comparisons between the two methods. Therefore, further work is needed to establish whether the more analytically specific mass spectrometric measurements provide greater diagnostic accuracy for CS or whether the cross-reactivity of immunoassays may paradoxically result in better diagnostic sensitivity [5, 31, 60] . Recently, Mészáros, et al. [61] found similar diagnostic values for CS between an LC-MS/MS method and electrochemiluminescent immunoassay, although the levels obtained using the latter method were around 30% higher. In addition, Ceccato, et al. [57] used mass spectrometry to evaluate selected unexpected results obtained with a chemiluminescence immunoassay and suggested that confirmation of immunoassay results by mass spectrometry may improve the overall diagnostic accuracy. Mass spectrometric measurements may be also useful to detect specific synthetic steroids. Simultaneous measurements of natural and synthetic glucocorticoids may enable the rapid identification of surreptitious medication or contamination of saliva [62] . Although the mass spectrometry measurements used in routine clinical practice cannot distinguish between exogenous and endogenous cortisol, simultaneous measurement of salivary cortisol and cortisone may help identify samples contaminated with topical hydrocortisone based on an elevated cortisol:cortisone ratio [63] .
Despite its high specific potential, mass spectrometry methods for LNSC may not be completely free of interference with other exogenous steroids, such as prednisolone or endogenous metabolites. Indeed, Israelsson, et al. [64] recently reported that the isomers 20α-and 20β-dihydrocortisone had similar chemical properties and fragmentation patterns as cortisol when detected in positive-ion mode using electrospray ionization (ESI). Therefore, validation of LC-MS/MS-ESI methods for cortisol determination should include confirmation that both 20α-and 20βdihydrocortisone are separated from cortisol at the chromatography step.
SERUM OR PLASMA CORTISOL
Physiology
Approximately 80% of circulating cortisol is bound to cortisolbinding-globulin (CBG), 10% is bound to albumin, and 10% is in an unbound (free) form [33] . Although the measurement of free plasma cortisol is of the greatest clinical interest, it is laborintensive, time-consuming, and methodologically difficult to implement in routine clinical practice owing to the need for a preanalysis step to separate the bound and unbound fractions of cortisol by equilibrium dialysis, gel filtration, or ultrafiltration. As an alternative, measurement of the total (bound and unbound) cortisol with an immunoassay is a fast and reproducible approach and is therefore the current method of choice in many clinical chemistry laboratories. However, the measurement of serum or plasma total cortisol may be affected by changes in CBG and/or albumin levels [33] and may not reflect changes in the free hormone levels.
Sampling and preanalytics
Together with UFC and LNSC measurements, overnight DST is recommended for the initial screening of CS [14] . In addition, the overnight DST is currently recommended as the first assay to detect cortisol excess in patients with an adrenal incidentaloma [65] . In patients with endogenous CS, the normal suppression of ACTH and cortisol fails when low doses of dexamethasone are administered [14] . The overnight DST can be easily performed as an outpatient assay. Various doses of dexamethasone have been used for this purpose, but 1 mg dexamethasone is commonly provided to the patient in an oral form between 23:00 hours and 0:00 hours, after which the cortisol level is measured between 8:00 hours and 9:00 hours the next morning. A total cortisol plasma level below 50 nmol/L (1.8 µg/dL) is considered as an appropriate response to the test [1, 14, 66] , although there is some controversy and different serum cortisol cut-off values have been proposed ranging from 50 to 138 nmol/L (1.8-5 μg/dL) [18] . A negative DST, using a cut-off value of 50 nmol/L virtually excludes the possibility of autonomous cortisol secretion in the adrenal incidentalomes, whereas a value above 138 nmol/L is highly suggestive of autonomous cortisol secretion. In cases of cortisol values between 50 and 138 nmol/L the term "possible autonomous cortisol secretion" has been proposed [65] .
Factors affecting cortisol serum levels
A variety of clinical and analytical conditions can affect the serum cortisol results after the DST. First, drugs that induce or inhibit hepatic CYP3A4 may accelerate or inhibit dexamethasone metabolism and cause false-positive or false-negative results by decreasing or increasing serum cortisol levels, respectively. In addition, dexamethasone clearance may be reduced in patients www.annlabmed.org https://doi.org/10.3343/alm.2020.40.4.285 with liver and/or renal failure. In addition, the dependence of total cortisol measurements on transport proteins may also influence the results. For example, estrogens increase circulating CBG levels and are associated with high false-positive rates (~50%) in the overnight DST for women taking the oral contraceptive pill or under hormone replacement therapy [14] . Therefore, estrogen-containing medications are recommended to be withdrawn for six weeks before the test [14] . Recently, Vastbinder, et al. [67] found that eight of 13 (62%) female volunteers who were using oral contraceptives showed inadequate suppression of cortisol upon being administered 1 mg dexamethasone. One week after the contraceptive was withdrawn, the number of false-positive results decreased to 1 (8%), and all tests were normal after six weeks, suggesting that the recommended six-week period may be shortened. Conversely, the reduction of transport proteins found in patients with critical illness or advanced-stage renal disease may result in decreased serum cortisol levels [14] . In addition to variations in metabolism, the variable absorption of dexamethasone may also explain the interindividual variation in assay results, even for healthy subjects on no medication.
Simultaneous dexamethasone measurements
Considering the several sources of variation, it may help measure both cortisol and dexamethasone to ensure adequate plasma dexamethasone levels, which may be useful to evaluate false positive and false negative responses [68] . Hempen, et al. [69] used an LC-MS/MS approach to simultaneously measure serum cortisol and dexamethasone in 62 post-DST samples of 46 patients with suspected CS and 16 healthy control subjects. The range of dexamethasone levels was 3.3-19.6 nmol/L, similar to that previously observed by radioimmunoassay [68] . Interestingly, five patients (11%), whose cortisol values would have been interpreted as not suppressible, presented dexamethasone levels below the limit of quantification, suggesting lack of dexamethasone compliance or alterations in dexamethasone absorption or metabolism. Conversely, three patients (6.5%) presented non-suppressed levels of cortisol accompanied by a sufficient dexamethasone level, which further improved the interpretation of the post-DST result [69] . More recently, Ueland, et al. [70] prospectively evaluated the simultaneous measurements of serum cortisol and dexamethasone by LC-MS/MS in the DST for 302 subjects. They found that dexamethasone measurements reduced false-positive DST results by 20% and improved the diagnostic specificity. Interestingly, the same study showed that post-DST salivary cortisol and cortisone levels were strongly correlated with post-DST serum cortisol levels. In fact, post-DST salivary cortisone was a better discriminatory marker between healthy subjects and patients with CS or with autonomous cortisol secretion than salivary cortisol.
Immunoassay and mass spectrometry measurements
Similar to UFC and LNSC measurements, plasma cortisol measurements may be affected by the type of assay used. More than 30 different immunoassays are currently available as manual kits and/or automated platforms [5] . Direct automated nonisotopically labeled immunoassays are usually used in routine clinical practice. However, agreement between immunoassays is variable, and although the results may be comparable to those of mass spectrometry, according to some studies [71, 72] , other studies showed slightly higher levels obtained using the immunoassay than using mass spectrometry. El-Farhan, et al. [73] found that the immunoassay bias ranged from 1.08 to 1.36 when comparing gas chromatography-mass spectrometry measurements to those obtained with the automated immunoassays Advia Centaur (Siemens), Architect (Abbott), Modular Analytics E170 (Roche), Immulite 2000 (Siemens), and Access (Beckman). Thus, direct serum cortisol immunoassays may also present analytical specificity-related difficulties, although to a lesser extent than urine-based assays. In direct immunoassays, the serum is analyzed without a previous extraction step, which may favor matrix interference and cross-reactivity with other structurally similar steroids. The specific cross-reacting steroids and degree of reactivity depend on the specific immunoassay used, although prednisolone and 11-deoxycortisol are common interferents. In particular, the absence of reactivity with dexamethasone in the cortisol immunoassay should be confirmed when performing cortisol measurements after the DST. Moreover, chemical reactions in direct assays may be affected by plasma proteins, as endogenous plasma proteins compete with the antibody against cortisol in the sample. Although a blocking agent is usually added to suppress this effect, it may not be completely eliminated [24] .
Differences between serum cortisol immunoassays may ultimately affect the interpretation of the results of the DST and put into question the need for method-specific cut-off values over the applicability of a single universal cut-off value. Brixey-Mc-Cann, et al. [71] compared the serum cortisol measurement results obtained by mass spectrometry and the automated immunoassays Architect (Abbott), E170 (Roche), Access (Beckman), and Centaur (Siemens). The interpretation of the DST results was discrepant when using a cut-off value of 50 nmol/L in 19 of 108 (17.6%) samples, with clinical sensitivities ranging from 87% to 94% depending on the assay.
Differences among immunoassays and between immunoassays and mass spectrometry may be greater in patients with CS that are under active medical treatment. Monaghan, et al. [72] found that the bias between LC-MS/MS assays and the Siemens ADVIA Centaur XP immunoassay was between 12.6% and 90.8% in patients receiving metyrapone. This high bias may be attributed to the cross-reactivity with 11-deoxycortisol and other structural analogues preceding cortisol in the steroid biosynthesis pathway, which are found at elevated levels in these patients due to the steroidogenic inhibitory effect of the drug. As a result, immunoassays may not adequately reflect the true cortisol values in these patients, which could lead to unrecognized hypoadrenalism, in turn presenting symptoms that can be confused with the side effects of metyrapone.
Finally, the advantage of mass spectrometry to simultaneously analyze many plasma steroids has been considered a breakthrough, and several authors have suggested mass spectrometry as the most promising tool for the diagnosis of subclinical CS [74] and the identification of different subtypes of CS [75] , suggesting the potential of a single mass spectrometric assay to achieve an etiological diagnosis.
CONCLUSIONS
Preanalytical factors greatly influence the results of cortisol measurements for all sample types (UFC, LNSC, or serum after the DST). Therefore, identifying and properly controlling these fac-tors is essential for the correct assessment and diagnosis of CS. Cortisol determination for the evaluation of CS in clinical laboratories has traditionally been performed by immunoassays. Currently, mass spectrometry measurements are also being employed for CS evaluation. Different analytical and clinical possibilities of mass spectrometry measurements for CS patients are summarized in Table 2 .
The problems of specificity due to cross-reaction of cortisol immunoassays with endogenous steroids results in high inaccuracy and variability across laboratories. Mass spectrometry allows overcoming these limitations and gives results that are more accurate and similar. However, recent reports suggest that, mass spectrometry may present a clinical sensitivity for CS screening similar to that of many immunoassays already in use. In contrast, mass spectrometry may present high clinical specificity and could be used to reduce the number of false-positive results obtained by immunoassay. In addition, as CS is difficult to diagnose, mass spectrometry has been shown to reduce the uncertainty in clinical results, which is a problem posed by immunoassays. Mass spectrometry allows for the identification of exogenous corticosteroids, which are the most common cause of CS, and thus allows the confirmation of a clinical suspicion in some cases and may be critical to avoid repetitions and unnecessary testing that may delay diagnosis.
On the contrary, the quantification of circulating dexamethasone levels simultaneously with cortisol levels in the DST to establish whether or not the achieved level of dexamethasone is appropriate for equivocal cases allows avoiding of uncertainties Table 2 . Considerations regarding mass spectrometry measurements for Cushing's syndrome (CS) evaluation
Advantage provided by mass spectrometry References
Cortisol measurement results are more specific. In contrast to immunoassays, only true cortisol is measured. [6, 14, 25-29, 48, 56, 60, 61, 73, 85] The variability of cortisol measurements across laboratories is reduced. [2, 25, 45, 71, 73] Clinical value for the screening of CS is high. Comparable (but probably not better) to many immunoassays. [2, 26, 32, 61] May be used to reduce false-positive results obtained through immunoassays. [2, 26, 57] Allows the detection of individually exogenous corticosteroids. [3, [36] [37] [38] Ensures adequate plasma dexamethasone levels during DST in equivocal cases. [6, 69, 70] Allows accurate cortisol measurement in patients undergoing interfering medical treatment. [72] Allows measurement of endogenous metabolites that may be useful for the following purposes: [3, 39, 40] -subtyping CS [75] -classifying adrenal incidentalomes [42] -detecting subclinical CS [74] -differentiating Cushing's disease from ectopic ACTH syndrome [43] -detection of saliva contamination [62, 63] Abbreviations: ACTH, adrenocorticotropic hormone; CS, Cushing's syndrome; DST, dexamethasone suppression test.
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regarding drug compliance or absorption/metabolic effects on the drug levels. In addition, patients with CS under medical treatment may present large variations in their metabolites and may thus benefit from mass spectrometric measurements during follow-up. Finally, mass spectrometry measurement of selected endogenous metabolites and comprehensive steroid profiling have been proposed to be useful in the detection of subclinical CS and saliva contamination and for the classification of CS and adrenal incidentalomes ( Table 2) . Future work areas include the use of mass spectrometry-based methods to achieve an improvement in diagnostic sensitivity, a key requirement for CS screening, for which immunoassays are likely to continue to play a predominant role in the near future. However, as presented here, the use of mass spectrometry for the diagnosis of CS in clinical laboratories clearly allows for the reduction of many diagnostic uncertainties related with this complex disease while allowing a better classification of the patients, which undoubtedly will contribute to a better diagnosis and management of patients with CS.
